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Abstract 
The intermetallic compound (IMC) (or intermetallic phase layer) has a significant influence on the mechanical properties of 
joints between dissimilar metals obtained by thermal processes such as laser welding. Its formation is basically affected by 
thermal cycles in the joining or contact zone, where the IMC is formed. Within this study, the influence of the thermal cycle on 
the formation of the IMC during laser welding of an aluminum-steel (Al99.5-DC01) overlap joint was investigated. The 
temperature was measured directly by a thermocouple, and the weld seam was analyzed by scanning electron microscope (SEM). 
The influence of peak temperature, cooling time and the integral of the thermal cycle on the thickness of the IMC was identified 
and discussed. It was identified that cooling time has the biggest influence on the thickness of the IMC. 
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1. Introduction 
Hybrid joints are very widely applied in industry, in special because of their excellent properties compared to 
either of the base materials [1]. For example, in the automobile industry, aluminum-steel hybrid joints are 
considered for car lightweight construction. The manufacturing can either be performed non-thermally, i.e. 
mechanically (e.g. by riveting) or by adhesive bonding or by thermal joining (e.g. based on the use of lasers [2]). 
Laser welding is an established welding technology, and becomes more popular due to its high process velocity and 
good weld seam quality. However, the application of aluminum-steel hybrid joints obtained by thermal joining is 
still limited due to intermetallic phases / intermetallic compounds (IMC), which may be formed in the joining zone. 
Such IMCs increase hardness and brittleness of the joint, and this leads to a low tensile strength and a bad 
formability of the entire structure [3]. 
The formation of the IMC is mainly driven by diffusion which is mathematically described by Fick’s law [4]. The 
diffusion coefficient, which indicates how fast the diffusion takes place, is mainly influenced by the temperature and 
can be determined by different methods [5]. 
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In the system of aluminum and iron, various intermetallic phases can be formed [6]. In laser joining of aluminum 
and steel, FeAl3 and Fe2Al5 (θ- and η-phase respectively) can be identified in the joining zone [7]. In order to 
prevent their formation or to keep the thickness of the IMC in an acceptable range, many different welding 
processes have been developed [8]. Furthermore, only some phenomenological descriptions of the formation of the 
IMC can be found e.g. in [9]. A fundamental understanding of the formation of the IMC for the rapid thermal cycles 
in laser welding is still missing. Hence, the identification and characterization of the influence of the thermal cycle 
on the formation of the IMC during laser welding of an aluminum-steel overlap joint is required and thus was 
carried out in this study. In special, the influence of peak temperature, cooling time and the integral of the thermal 
cycle on the thickness of the IMC-zone was investigated and discussed, also with respect to the effect of diffusion. 
2. Experimental 
Heat-conduction laser welding of an aluminum-steel overlap joint was carried out. It is indeed dominated by 
thermal conduction since only aluminum in the overlap region is molten due to the defocused laser beam acting 
mainly on the top side of the steel sheet (Figure 1). 
Here, a lamp-pumped 4 kW Nd:YAG laser HL4006D of Trumpf was utilized. The focus of the laser beam is at a 
distance of 23.56 mm from the surface of steel sheet, whereby a spot diameter dL of 5.63 mm is realized. Besides, 
the distribution of the laser spot is defined by the lateral spot position (dAl and dSt), which is illustrated in Figure 1. 
 
 
 
 
 
Figure 1. Illustration of the overlap joint and the lateral laser spot position 
In Table 1 process parameters are presented. In the experiments, only laser power was varied between 1.7 kW 
and 2.4 kW, while all the other parameters have constant values. The steel as well as the aluminum sheet were 
100 mm wide and 200 mm long. 
Table 1. Specimen and process parameters 
Base materials Al 99.5 and St DC01 
Thickness of sheets 1 mm and 0.75 mm respectively 
Laser power 1.7 kW to 2.4 kW 
Process velocity 0.8 m/min 
Overlap 4 mm 
Lateral spot position 1.315 mm (dAl) and 4.315 mm (dSt) 
Flux F 400 NH 
Shielding gas argon at a flow rate of 40 l/min 
 
For laser welding, a working head shown in Figure 2 was used. It was mounted to a PRIMA gantry, and consists 
mainly of a pressure and a focusing unit. The laser beam was collimated by a collimator with a collimating length of 
200 mm, and focused by focus optics with a focal length of 150 mm. The principle of the pressure unit is shown in 
Figure3. Basically, it is composed of a pressing roller and a leading roller. With the help of the vertical pressure a 
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better heat transfer from steel to aluminum is guaranteed. The leading roller is fitted to the edge of the steel sheet, 
and an automatic tracking of the joint is realized due to the lateral press. The unit is pneumatically controlled and 
both rollers are water-cooled. 
 
 
Figure 2. Working head 
 
Figure 3. Principle of the pressure unit 
During laser welding, temperature measurements were carried out. The temperature in the contact zone between 
the two sheets was measured by a Nickel-Chromium/Nickel thermocouple (OMEGA Type K) with a measuring 
range from -200 °C to 1200 °C and an accuracy of 0.1 °C. A data logger OMEGA DAQ 3000 was used to convert 
measured voltages to temperatures at a measuring frequency of 2 ms. 
At first, the tips of the two wires were joined together. Then, the thermocouple was put through a hole in the 
aluminum sheet to touch the point of interest (POI) on the bottom side of the steel sheet. Finally, the thermocouple 
was fixed in order to provide a constant contact between the tip of the thermocouple and the POI during laser 
welding. The setup of the temperature measurement is illustrated in Figure 4. 
 
Al
St
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Figure 4. Schematic illustration of the temperature measurement 
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After joining, metallographic cross sections were extracted from the welded specimens and subjected to scanning 
electron microscopy (SEM) to identify the IMC and measure the thickness of the IMC-zone. 
3. Results 
Three factors of influence, i.e. peak temperature, cooling time and the integral extracted from the thermal cycle at 
the POI, as well as the thickness of the IMC-zone were investigated. However, only the thermal cycle above 350 °C 
is taken into consideration for cooling time and the integral, because the formation of the IMC takes place mainly in 
this temperature range [10]. 
Figure 5 shows the dependency of peak temperature, cooling time, the integral of the thermal cycle and the 
thickness of the IMC-zone on the laser power, respectively. It can be seen that peak temperature, cooling time and 
the integral are increasing almost linearly with the laser power. However, for lower laser powers, the thickness of 
the IMC-zone increases rapidly, while for higher laser powers it seems to be approaching a maximum. Besides, all 
the peak temperatures are higher than the melting point of aluminum (660 °C). 
 
  
  
Figure 5. Dependency of peak temperature, cooling time, integral of the thermal cycle and thickness of IMC-zone on the laser power 
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Figure 6 shows the dependency of the thickness of the IMC-zone on the three influence factors, respectively. It 
can be seen that thickness is increasing with the three rising influence factors. For a peak temperature below 750 °C, 
the thickness of the IMC-zone increases rapidly, whereas for higher peak temperatures, the linear increase is less 
pronounced. The same linear increase is also observed for cooling time and integral, with the increase being more 
pronounced for the smaller values. 
 
 
 
 
 
 
 
 
 
Figure 6. Dependency of the thickness of the IMC on peak temperature, cooling time and integral of the thermal cycle 
The thickness of the IMC-zone is calculated and its dependency on the laser power is shown in Figure 7. Besides, 
the relation of calculated and measured thickness of IMC-zone is also shown in Figure 7. 
The total thickness d of the IMC-zone formed in the temperature range above 350 °C can be calculated by the 
following equation. 
 
d = ː di  (1) 
 
Here, di is the thickness formed at each time step ǻt and it is assumed that it can be calculated by 
 
di = (Di(T)˂ t)1/2.  (2) 
 
The diffusion coefficient Di is temperature-dependent and can be calculated by Equ. 3 (Arrhenius relation) 
 
Di = D0 e(-Q/RT)  (3) 
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Where D0 is the diffusion constant, Q is the activation energy and R is the universal gas constant. 
Assuming that the diffusion from the solid iron into the liquid aluminum dominates during the laser welding 
process, the diffusion constant of 4.10E-9 cm²/s and the corresponding activation energy of 58 kJ/mol given in [11] 
can be used here. 
However, the calculated thickness of the IMC-zone is much larger than the measured one, and contrary to the 
experimental observation (Figure 5), it is increasing almost linearly with the rising laser power. 
 
  
Figure 7. (a) Calculated thickness of the IMC-zone with respect to laser power; (b) Relation between calculated and measured thickness of the 
IMC-zone 
4. Discussion 
As mentioned before, the laser power is the only investigated process parameter in this study. Three influence 
factors (peak temperature Tp, cooling time tc and integral of thermal cycle A) on the thickness of the IMC-zone were 
identified and compared in the scope of this variation. 
The larger the laser power, the higher the energy absorbed by both sheets. Therefore, a higher peak temperature 
in the thermal cycle at POI will be reached, and the cooling takes longer time. Furthermore, the integral of the 
thermal cycle also becomes larger if the cooling rate does not vary with the laser power. This can be separately seen 
in Figure 5. As an example, it can be directly shown in Figure 8, which includes three thermal cycles from 
temperature measurements at 1.7, 1.9 and 2.1 kW respectively. Besides, a small jump of the temperature can be 
clearly seen at about 660 °C before the peak temperature. It can be explained by the latent heat released or absorbed 
during the change of state of the aluminum. 
 
 
Figure 8. Example of three thermal cycles at POI measured by a thermocouple 
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Furthermore, Figure 6 shows that the thickness of the IMC-zone is increasing with peak temperature, with 
cooling time and with the integral of the thermal cycle. In order to compare these three influence factors, it is 
assumed that the thickness of the IMC-zone d depends linearly on peak temperature TP, on cooling time tc and as 
well as on the integral of the thermal cycle A. For the individual dependencies a combined linear expression can be 
given in the following equation. 
 
d = ĮTp + ȕtc + ȖA  (4) 
 
The weighting coefficients (α, β and γ) can be calculated using the data of peak temperature, cooling time and 
integral of thermal cycle after the linearization. Their values are 
 
Į=-0.0276, ȕ=22.6667 and Ȗ=-0.0387.  (5) 
 
By comparison of these weighting coefficients, it can be seen that cooling time has the largest influence on the 
thickness of the IMC-zone. The longer the cooling time, the thicker the IMC-zone is. Compared to cooling time, 
peak temperature and integral of thermal cycle have an inverse influence on the thickness of the IMC-zone. 
The calculated thickness of the IMC-zone is given in Figure 7. A large deviation between the calculated and the 
measured thickness can be seen here. This may be due to the fact that only diffusion from iron to aluminum leading 
to a formation of Fe2Al5 is considered, which may be overly simplistic and does not account for the complexity of 
the phase formation phenomena (phase formation and dissolution) in the real process. Moreover, the diffusion 
constant and the activation energy may not be selected properly in this case, since they are experimentally 
determined and can be significantly influenced by the experimental parameters such as cooling rate, which is very 
fast in our case. 
5. Conclusions 
Within this study, the influence of the thermal cycle on the formation of the IMC was investigated. It is 
concluded that peak temperature, cooling time and integral of thermal cycle are increasing almost linearly with the 
rising laser power, while the thickness of the IMC-zone is increasing nonlinearly. Furthermore, the thickness of the 
IMC-zone is increasing with the three influence factors, separately. The comparison of these factors shows that 
cooling time has the biggest influence on the thickness of the IMC-zone. The longer the cooling time, the thicker the 
IMC-zone is. On the contrary, higher peak temperature or larger integral of thermal cycle lead to a thinner IMC-
zone. Moreover, with the help of the Arrhenius relation the thickness of the IMC-zone was calculated. However, a 
large deviation between the calculated and measured thickness was observed, indicating the complexity of the phase 
formation phenomena in a real joining process. 
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